To treat nonequilibrium alignment phenomena in molecular liquids and in liquids crystals two points of the usual irreversible thermodynamics have to be modified. Firstly, in the specific energy a term quadratic in the alignment tensor is included. Secondly, terms up to 4th order in the alignment are taken into account in the entropy for a nonequilibrium situation. Then the entropy production is calculated. Constitutive laws are set up for the friction pressure tensor and for the tensor which characterizes the decay and the production of the alignment in the balance equation for the alignment tensor. As a first application, the nonlinear relaxation equation for the alignment is considered. For a uni-axial alignment zero and nonzero stable stationary values of the order parameter are found for temperatures above and below the temperature TK at which the transition from the isotropic to the nematic phase takes place. Small deviations from the equilibrium alignment decay exponentially. For temperatures below TR the relaxation time turns out to be anisotropic. In the appendix, the entropy associated with the alignment is calculated for a special case.
Introduction
In molecular fluids, nonequilibrium alignment phenomena such as flow birefringence and the relaxation of the alignment occur in addition to the standard transport processes. In this and in a following paper, these phenomena are treated theoretically within the framework of irreversible thermodynamics. Special attention is paid to nematic liquid crystals.
Point of departure is an expression for the entropy in the nonequilibrium situation where terms up to 4-th order in the alignment are taken into account. Furthermore, it is assumed that the total energy of the fluid contains a term quadratic in the alignment. Then the entropy production and the constitutive laws are obtained by standard techniques. The nonlinearity of the constitutive laws is of crucial importance for the occurence of the phase transition "isotropic-nematic" and for the description of nonequilibrium processes at temperatures T close to the transition temperature TK . The nonlinear constitutive laws contain those derived by de Gennes 1 ' 2 for (isotropic phase) and those proposed previously 2 ' 3-7 for T <7^ (nematic phase) as special cases.
Reprint requests to Dr. S. Hess, Institut für Theoretische Physik der Universität Erlangen-Nürnberg, D-8520 Erlangen, Glückstraße 6. This paper is divided into 8 sections. Section 1 is devoted to a discussion of the description of the alignment. In Sect. 2, the basic assumptions underlying the present theory are introduced. Firstly, it is assumed that the specific energy of the fluid contains a term proportional to a : a where a is the alignment tensor. Secondly, it is assumed that the entropy in a nonequilibrium situation is the sum of the usual entropy plus a term associated with the alignment. The most general expression for the alignment entropy up to terms of 4 th order in the alignment tensor is introduced in Section 3. It contains 4 characteristic coefficients which reduce to 3 coefficients for an unaxial alignment. In Sect. 4, the local conservation laws and the balance equation for the alignment tensor are formulated. The latter contains a term associated with the relaxation and the production of the alignment which has to be determined by a constitutive law. The entropy production is calculated in Section 5. It contains two force-flux pairs which are 2nd rank tensors, viz., the gradient of the velocity and the friction pressure tensor, a tensor which is a nonlinear function of the alignment and a tensor which occurs in the balance equation for the alignment tensor. The constitutive laws involving these 2nd rank tensors are set up in Section 6. They are nonlinear with respect to the alignment. As a first application, the relaxation of the alignment is discussed in Section 7. For small alignment will be studied in a subsequent paper. In the appendix, the entropy associated with the alignment is calculated for uncorrelated particles. § 1. Description of the Alignment Before the foundations of the irreversible thermodynamics of alignment phenomena are discussed, the description of the alignment has to be specified.
In this paper, liquids of axisymmetric molecules are considered. Their alignment is characterized by the 2nd rank tensor.
Here U is a unit vector parallel to the figure axis of a molecule and (...) refers to a local average.
The symbol !TI indicates the symmetric traceless part of a tensor. In particular, one has
where 8 is the unit tensor. In Eq. (1.1), t is a numerical factor which can be chosen conveniently.
Some specific choices for £ will be mentioned later.
The part of the anisotropic dielectric tensor which is associated with the alignment of the molecules is proportional to a. Hence the alignment tensor a is of crucial importance for the birefringence and for the depolarized Rayleigh scattering. The anisotropic part of the magnetic susceptibility tensor is also proportional to a. In fact, this relation can be used to introduce the alignment tensor on a macroscopic basis 3 rather than through Equation (1.1).
In general, the tensor a can be written as 
i) Unaxial Alignment
If the alignment is of unaxial type, a can be written as a=l/f an n (1.5) where M is a spacefixed unit vector termed "director". The scalar alignment parameter a is given by (notice that fin : Htl = n nn n = 2/3) The spontaneous alignment set up in a nematic liquid crystal is of the type (1.5).
ii) Special Biaxial Alignment
A special biaxial alignment which, e. g. occurs in connection with flow birefringence [9] [10] [11] , is de- The factor J/2 has been inserted in (1.10) such that a: a = a 2 (1.11) provided that the alignment is of the special type Due to a3 = 0, this special type of alignment will be referred to as "planar" alignment. § 2. The Basic Assumptions
The expression for the entropy production required to set up the constitutive laws for irreversible processes is derived subject to two assumptions.
Firstly, the total specific energie e shall be given
where V is the flow velocity, co is the average angular velocity, 0 is the moment of inertia tensor of a molecule, and u is the specific internal energy.
The quantitity e characterizes the energy associated with the alignment. The addition of a term proportional to a : a can be justified as follows. In the presence of an electric field E a term proportional to EE : a will contribute to e provided that the molecules possess an anisotropic molecular polarizability. Here, in the spirit of a mean field theory, EE is replaced by an internal field tensor proportional to a. The sign of s has been chosen such that e > 0 if the ordered state (a 4= 0) is energetically more favorable than the isotropic phase (a = 0). For a liquid crystal, e can be inferred from the latent heat released when it undergoes a transition from the isotropic to the nematic phase.
Secondly, it is assumed that the specific entropy s is, in a nonequilibrium situation, given by
Here Q is the mass density. The subscript "eq"
indicates that the functional dependence of seq on u and Q is the same as in thermal equilibrium. In particular, seq obeys the Gibbs relation Their values depend on the choice of the numerical factor £ occurring in (1.1). Later, they will be related to measurable quantities.
An expression for the alignment entropy can be calculated from the one-particle distribution function in the nonequilibrium state according to Boltz-mann's prescription 14 ; for an application to multipole relaxation see Ref. 15 . This procedure is only valid for dilute systems (e. g. dilute gases, dilute suspensions) where the interparticle correlation plays no dominant role. Yet it seems worth mentioning that the entropy calculated in this manner (see the appendix) is of the form (3.1) with the coefficients A0, ..., C2 given by
if £ is put equal to V^. For a liquid, these coefficients will certainly deviate from the special values Notice that sa is always negative (higher order implies lower entropy) provided that A0> 0, C>0, and Z? 2 < f A0C.
The special values (3.2) indeed fulfill, these inequalities.
For the planar biaxial alignment (1.10), Eq.
63.1) reduces to
Notice that no third order term occurs in this case. § 4. Local Conservation Laws,
Balance Equations for the Alignment and the

Internal Energy
Of fundamental importance for the irreversible thermodynamics are the local conservation laws for the mass density, the energy, the linear momentum and the angular momentum. The first three of these equations can be written as 13 do/d* + eV-V = 0, (4.1)
is the substantial derivative. In (4.2) and (4.3), <? and P denote the total energy flux density and the total pressure tensor, respectively, As a consequence of the conservation of the total angular momentum, the internal angular momentum obeys the following balance equation 13 ' 16 :
where j = Q • co is the average internal angular momentum and e^vX is the Levi-Civita tensor. Notice that £ßVxPvX = E nvxP?x where p^is the antisymmetric part of the pressure tensor.
The alignment tensor obeys a balance equation
The 2nd term in Eq. (4.8) describes the change of a due to the rotation of the molecular axes in the presence of a nonvanishing average angular velocity co. The quantity A^v is associated with the decay and production of the alignment. In Eq. (4.6) the alignment flux is disregarded, i. e. the alignment is assumed to be spatially homogeneous.
A balance equation for the internal energy is also needed. Use of relation (2.1) and of Eqs. The Eqs. (4.1-3), (4.6,7) have to be supplemented by constitutive laws for the heat flux, the friction pressure tensor and for the tensor A^v. The entropy production to be derived in the following section provides the guide to set up these constitutive laws. This linear approximation is applicable for small alignment and for T>T* where A and consequently x is positive. According to Eq. (7.2), the alignment relaxes to zero. This occurs in ordinary liquids and in liquid crystals at temperatures T above the characteristic temperature TK at which the transition from the isotropic to the nematic phase occurs in a liquid crystal. The temperature dependence of the relaxation time r as found experimentally for the isotropic phase of liquid crystals is indeed of the form (7.3), e. g. see Reference 19 .
For 7 1 <7 t K, the linear relaxation Eq. (7.2) is certainly inappropriate. The reason is that the alignment does not relax to zero but to a finite value. Next, it is demonstrated that the full nonlinear Eq. (7.1) describes such a behavior. To this purpose an unaxial alignment is studied. The alignment of nematic liquid crystals is of this type.
b) Relaxation of an Unaxial
Alignment,
Phase Transition
For an unaxial alignment with a constant director but with a time dependent order parameter a, cf. Eq. (1.5), Eq. = ra(2 C a\ 2 -B ai), (7.13) for T<TK. For R = RK, T as given by (7.3) is equal to the expression (7.13).
So far, the relaxation of the alignment in a spatially homogeneous system has tacitly been treated as isothermal, i. e. the heat conductivity has been assumed to be practically infinite. For an adiabatically isolated system, Eq. (4.7) implies c p t -2 e a nv a nv = const (7.14)
where cp is the specific heat. Thus A = A0( 1 -T*JT) occurring in the relaxation equation is time dependent. However, if terms nonlinear in the alignment are ignored as in Eq. (7.2), A can still be con-sidered as constant, i. e. the relaxation time (7.3) is also applicable to an adiabatic process. The situation is slighly different for the relaxation of a small deviation of the order parameter from its equilibrium value a\ in the nematic phase. In this case, the adiabatic relaxation time is given by an expression of the form (7.13) with 3 C replaced by
A0 .
Next, the isothermal relaxation of the order parameter is considered for the temperature T* where Eq. (7.4) reduces to
with a*=ß/C=faK. The asymptotic solutions (t ^ Ta) of Eq. (7.15) are quite different for positive and negative initial values a0 (at « = 0). In the first case a approaches a* exponentially. For a0<0, a~t -1 is found. At the temperature T^* which specifies the limit of existence of the superheated metastable nematic phase, a similar semicritical behavior is encountered. In particular, a decays exponentially to zero for a0<aK* and one has a -ök* ~t 1 for ao> a K* with aa*=^B/C = § ÖK • Notice that the nonexponential decay occurs in connection with the approach of metastable stationary states. for T <r*. The transition from the isotropic phase to a phase with biaxial planar alignment is of second order in contradistinction to the first order transition which occurs for the unaxial alignment. Biaxial nematics have previously been considered in Ref. 21 ' 22 . The planar alignment state of the liquid crystal, however, is not stable. For the temperature T*, e.g. one has Jfa = 0 whereas 2 as given by (7.8) for the unaxial phase assumes the smaller value -T\B{B/C) 3 .
The dynamical behavior of the order parameter is particularly interesting at the temperature T* where Eq. 
Notice that tm = r_m. In particular, one infers from (8.10) T0 = T where R is given by Eq. (7.13) and respectively.
The results (8.11 -14) where the relaxation time ra was assumed to isotropic, i. e. independent of the alignment. . Hence for ein, C || n and for ein, ein one has äßV (0) = og> (0) + :1) (0) and
respectively. In both these cases just one relaxation time, viz. Tt and r0, respectively, occurs in Equation (8.9).
These remarks indicate that it should be possible to measure the three relaxation times r0, xx, r2
separately.
Concluding Remarks
The first part of this article (Sects. 1 -6) was devoted to the derivation of the constitutive laws (6.3, 4) or (6.7, 8) . Their application was restricted to the relaxation of the alignment. The nonlinearity of the relaxation equation accounts for the fact that the alignment of liquid crystals relaxes to zero and to a finite value at temperatures T above and below the temperature TK at which the transition from the isotropic to the nematic phase occurs. For 7'<7'K, the relaxation time for the alignment becomes anisotropic. An experimental investigation of this anisotropy would be desirable. Further applications of the constitutive laws to flow alignment and its reciprocal phenomenon, as well as to viscous flow will be studied in a subsequent paper. Ordinary molecular liquids, the isotropic and the nematic phases of liquid crystals will be considered.
Finally, a few remarks on the limitations of the present approach are in order. Firstly, fluctuations which can be expected to be of importance at temperatures very close to the transition temperature 7K have been disregarded. Secondly, the alignment tensor was assumed to be spatially homogeneous. This limitation can be overcome rather easily. To this purpose a term proportional to (Va) 2 associated with the elastic energy has to be included in Eq. (2.1) and the gradient of the flux of the alignment tensor has to be taken into account in Equation (4.6). A constitutive law for the alignment flux tensor can then be derived. As a consequence, the relaxation equation for the alignment contains a term proportional to the 2nd spatial derivative of the alignment tensor. This term, e. g., determines the diffusional contribution to the width of the depolarized Rayleigh line. 
